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Abstract

The next generation of integrated transceiver front-ends needs both robust
low noise amplifiers and high power amplifiers on a single-chip. The Alu-
minium Gallium Nitride / Gallium Nitride (AlGaN/GaN) High Electron Mo-
bility Transistors (HEMT) is a suitable semiconductor technology for this pur-
pose due to its high breakdown voltage and high electron mobility. In this the-
sis the AlGaN/GaN HEMT’s thermal properties, noise and survivability have
been characterized for the intended use in robust high power transceivers.
Furthermore, a new characterization setup for load modulated high efficiency
power amplifiers have been developed.

The thermal properties of AlGaN/GaN HEMTs have been carefully inves-
tigated considering self-heating and its effect on small-signal parameters and
high frequency noise. Self-heating is a severe problem for a high power tran-
sistor on any semiconductor material, including GaN. In addition to reliability
problems, the performance of the operating HEMT degrades with temperature.
The access resistances showed a large temperature dependence, which was also
verified with TLM measurements. Due to the large self-heating, the tempera-
ture dependence of the access resistances has to be taken into account in the
modeling of the AlGaN/GaN HEMT. A temperature dependent small-signal
noise model was derived and verified through fabricated amplifiers. Design
strategies for robust low noise amplifiers are discussed and implemented using
the derived model.

The new characterization setup gives new possibilities to characterize the
performance of load modulated amplifiers. Recent results on load modu-
lated amplifiers show promising efficiency improvements in back-off operation.
Therefore a new measurement setup was developed that performs dynamic
load modulation at the transistor terminals. This method should be useful
to further improve the performance of load modulated amplifiers for high ef-
ficiency operation. The measurement setup is based on an active load-pull
setup, where a modulated input signal is used to synthesize a time varying
output power. The load impedance is dynamically controlled with the envelop
of the input signal, following an optimum efficiency load trajectory. This gives
better insight into device operation and possible improvements.

Keywords: AlGaN/GaN HEMT, thermal characterization, self-heating, ac-
cess resistance, noise modeling, active load-pull, load modulation
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Chapter 1

Introduction

The interest for Aluminium Gallium Nitride / Gallium Nitride (AlGaN/GaN)
High Electron Mobility Transistors (HEMT) has increased rapidly during re-
cent years. A decade ago the GaN HEMT1 was only available in the research
labs, showing promising results in terms of breakdown, power density and ef-
ficiency. These results indicated that the GaN HEMT could fulfill the high
demands that future wireless communication and radar systems have on mi-
crowave transistors. The large need for high performing transistors in mi-
crowave systems have lead to that several commercial suppliers today claim
to deliver high power GaN HEMTs with excellent performance2.

The material properties of GaN are outstanding compared to other com-
monly available semiconductors. This is partially due to that GaN is a wide
bandgap material, thus it has a high breakdown field. Another benefit with
GaN is the possibility to grow a HEMT structure. The high mobility, due
to the HEMT structure, makes it suitable for high frequency and low noise
applications. Another interesting wide bandgap semiconductor is silicon car-
bide (SiC). While it has high breakdown field, it has not yet been possible to
fabricate a HEMT structure on SiC. Therefore SiC is probably not the best
candidate for high frequency and low noise applications. The most important
material parameters for GaN and other semiconductor materials are listed in
Table 1.1.

Table 1.1: Material properties [1, 2]

Si GaAs InP 4H-SiC GaN
Eg (eV) 1.1 1.42 1.34 3.26 3.39
µe(cm

2/V s) 1350 8500 5400 700 2000 [2DEG]

Ebr (MV/cm) 0.3 0.4 0.5 3.0 3.3
k (W/cm K) 1.5 0.43 0.68 3.3-4.5 1.3

The GaN HEMT is an excellent transistor for high power amplifiers (HPA).
This is due to its high voltage and high current operation, resulting in a

1GaN HEMT hereafter refers to HEMT structures based on GaN
2Some available commercial suppliers: Cree Inc, Nitronex Corporation and Eudyna De-

vices Inc.

1



2 CHAPTER 1. INTRODUCTION

high power density, thus reducing the die size for a fixed output power. The
high operating voltage of the GaN HEMT also provides the possibility to
obtain high output power with higher load impedance, thus simplifying the
output matching. Overall this makes it possible to obtain high power and
high efficiency with a GaN amplifier.

The GaN HEMT have shown very high power densities of up to 40 W/mm
[3]. The dissipated power could therefore be very high for a small surface area.
For example, the maximum theoretical efficiency for a class B amplifier is 78 %.
Hence, for an amplifier with 100 W delivered output power, additionally at
least 28 W is dissipated as heat. This increases the demands on efficient
heat conduction. In Table 1.1 it is shown that the thermal conductivity of
GaN is roughly the same as for Si. The self-heating for a GaN HEMT is
therefore significantly higher than for a Si LDMOS with the same output
power, due to the higher power density. GaN is usually grown on a substrate.
By choosing a substrate with high thermal conductivity, such as SiC, the self-
heating effect is partly reduced. It has also been shown that the nucleation
layer between the substrate and the GaN material has a large influence on the
thermal resistance [4]. However, for HEMT structures grown on Sapphire, Si
or free standing GaN-films the self-heating is of major concern.

High temperature is well know to accelerate transistor degradation, thus
accelerated median time to failure (MTTF) test are carried out to specify
reliability [5]. Channel temperatures (TCH) reaching far beyond 300 ◦C are
reported for high power GaN transistors [6]. Self-heating does not only re-
duce lifetime, but it also degrades the performance. The large increase in the
channel temperature decreases the electron mobility [7], thus increasing the
access resistances [A]. The self-heating and its effects on the access resistances
and the intrinsic small-signal parameters are therefore thoroughly studied in
Chapter 2.

1.1 GaN transceivers

Transceivers used for radar applications need both high output power and
robust low noise amplifiers. The GaN HEMT could possibly fulfill both of
these demands due to the high breakdown voltage and high electron mobility.
The robustness of the GaN HEMT was studied in [8]. Depending on the
drain bias the survivability was limited either by the gate current or channel
breakdown. For low drain bias, the limiting effect was the rapid increase in
gate current with increased input power. This failure mechanism was verified
in [9] with large-signal measurements. The gate current was the critical factor
for survivability and channel breakdown was not observed. The robustness was
improved by introducing a series resistor in the gate dc feed, hence the gate
current was decreased significantly due to the voltage drop over the resistor.
This improvement in survivability was also shown in [10], where a 8-11 GHz
LNA survived input powers up to 41 dBm (pulsed). In [11] the survivability
of a 2-12 GHz LNA was measured and no degradation in performance was
observed when stressed with input power of 46 dBm (pulsed).

Due to the nature of HEMTs, the GaN HEMT have high electron mobility
and therefore low parasitic resistances. Minimum noise figures (Fmin) less
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Table 1.2: Reported GaN LNAs

Frequency [GHz] FN [dB] |S21| [dB]
1 - 9 2 15 [14]
2 - 8 0.9 6 [15]
4 - 7 1 12 [16]
4 - 12 2 15 [10]
5 - 7 1.8 20 [9]
8 - 12 2 10 [12]

than 1 dB have been reported in [8, 12, 13] with more than 10 dB of available
gain at X-band (8-12 GHz). This makes GaN HEMTs very suitable for low
noise applications. Several LNAs have been reported showing excellent low
noise performance at room temperature, Table 1.2.

The GaN key figures: high power density, high efficiency, robustness and
good low noise performance opens up new possibilities in radar transceiver de-
sign. Complete transceiver monolithic integrated microwave circuits (MMIC)
in GaN are possible to manufacture and could outperform available solutions
in GaAs due to the survivability of the LNA. GaAs LNAs have only survived
up to 26 dBm of input power [17]. In order to improve the robustness, a
limiter is used for GaAs receivers. The limiter significantly degrades the low
noise performance of the receiver. Typically the limiter loss is at least 1 dB
at X-band [18], which degrades the low noise performance with at least 1 dB.
Reported Fmin for InGaAs HEMTs at X-band is below 0.6 dB [19]. Thus the
overall receiver noise figure with a typical PIN-limiter for protection is at least
1.6 dB. This should be compared to GaN HEMTs with reported Fmin below
1 dB at X-band, surviving more than 40 dBm of input power. In [20], a multi-
chip X-band GaN transceiver front-end is presented with an output power of
43 dBm and a noise figure of 1.5 dB. The robustness, low system noise figure,
together with excellent output power performance makes the GaN HEMT an
excellent candidate for transceiver MMICs.

The possibility to make a single-chip solution with GaN is a major benefit.
Available GaAs transceiver front-ends consists of at least HPA, limiter, LNA,
and circulator or switch, as illustrated Fig. 1.1. The manufacturing and as-
sembling cost of multi-chip solutions is significantly higher than for single-chip
solutions, thus motivating the more expensive GaN MMIC.

The reduced number of chips also reduces sensitive and performance de-
grading interconnects which needs to be accurately modeled for optimum per-
formance. A single chip GaN transceiver MMIC also benefits from smaller
dimensions than traditional multi-chip solutions. This is an important advan-
tage for airborne systems where size and weight needs to be reduced. Such
a system would allow new solutions for airborne phased array antennas with
the possibility to integrate the transceiver with the antenna, further reducing
lossy interconnects.

A transceiver is often operated at elevated temperatures partly due to the
HPA, but also due to other electronics and inadequate cooling. The large self-
heating of GaN HEMTs is a possible problem for single-chip transceivers. The
HPA and the LNA are in close proximity of each other, thus increasing the



4 CHAPTER 1. INTRODUCTION

Switch
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HPA

(a)

Switch

LNA

HPAGaN

MMIC

(b)

Figure 1.1: (a) Conventional multi-chip GaAs transceiver front-end. (b)
Single-chip GaN transceiver front-end.

operating temperature of the LNA. Studies on cooled and heated GaN HEMTs
have shown that the high frequency and low noise performance severely de-
grades with increasing temperature [21–23]. This is mainly due to the tem-
perature dependence in the access resistances [A]. This has been verified by
measuring the noise figure of a cooled LNA [24]. The noise figure was de-
creased with 0.3 dB, resulting in a sub 0.2 dB noise figure from 3-8 GHz at
-30 ◦C. Accurate models, that take the self-heating into account are therefore
needed to predict the performance of a GaN LNA. The low noise performance
and its thermal dependence is studied and modeled in Chapter 3.

1.2 Wireless communications

Wireless communications systems such as radio base stations and microwave
links could also benefit from GaN HEMT technology. This is due to the high
peak efficiency and excellent linearity. Harmonically tuned power amplifiers
have shown more than 80% power added efficiency (PAE) at 2 GHz [25]. While
these harmonically tuned amplifiers achieve high peak efficiency (when driven
deep into compression), their efficiency in back-off operation is poor. This is a
problem for modulated communication signals such as W-CDMA with a peak
to average power ratio of approximately 7 dB. This reduces the overall system
efficiency, increasing the need for cooling the power amplifier.

There are several proposed solutions. Some of the most promising ones
to increase the average efficiency are based on dynamic modulation of the
transistor load impedance [26–28]. The idea behind load modulation is to
control the output power in the most efficient way by synthesizing an opti-
mum load impedance for a given input power. This enables substantial ef-
ficiency improvements for a modulated input signal. Load modulated high
power amplifiers requires a controllable load network that withstands high
powers. Load modulation networks employing SiC varactors as tuning ele-
ments is one promising solution [29].

In [28], a controllable load modulation network has successfully been im-
plemented together with a power amplifier, improving the average efficiency.
First a load-pull measurement was carried out on the PA to determine the op-
timum load trajectory. Then a controllable load network was designed, based
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on voltage controlled varactors. The method relies on high efficiency amplifiers
designed for 50 Ω systems, where the output matching network could limit the
possibility to synthesize any arbitrary impedance. Thus measurements directly
on a device would help in designing an optimum load modulation network. The
load modulated PA is intended for use with modulated communications sig-
nals, hence the load needs to be dynamically controlled. Therefore a method is
needed to characterize the transistor with a real communication signal at the
input and a dynamically modulated load at the output. Such a system, allow-
ing dynamic load modulation characterization at the device reference plane is
described and verified in Chapter 4.
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Chapter 2

Thermal measurements

The high power density of GaN HEMTs makes it possible to deliver more
power from a smaller periphery transistor. The high power density could
lead to larger self-heating, since a higher power is dissipated across a smaller
surface area. The self-heating of a high power GaN HEMT could therefore
significantly degrade its performance.

There is a large interest in using GaN MMIC circuits for high power and
robust transceivers in airborne applications. These transceivers operate at
elevated temperatures due to the high cost of efficient cooling and also due the
dissipated power in the HPA. The high temperature operation degrades the
performance of the transmitter but in particular the sensitive receiver, where
low noise operation is essential. Therefore both the self-heating and operation
at elevated temperature are studied in this chapter.

2.1 Self-heating

The self-heating of transistors is determined by the dissipated dc power, the
heat conductivity of the bulk material, and the thermal resistance of the pack-
age. The heat conductivity is determined by material properties and also
the quality of the material growth [4]. Assuming linear heat transfer [30], the
thermal resistance (RTH) of the material is related to the channel temperature
(TCH):

TCH = RTHPdiss + TA, (2.1)

where TA is the ambient temperature and Pdiss is the dissipated dc power.
The linear approximation of RTH is only valid in a narrow temperature range
and for small dissipated powers. In the general case, RTH is temperature
dependent [31].

Several methods are available to measure the channel temperature, for
example electrical, Raman spectroscopy and infrared microscopy. The ad-
vantage with Raman spectroscopy is the very high resolution. Measurements
have shown a steep temperature gradient within the active area for high dissi-
pated power [32]. The downside is a time consuming measurement and special

7
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S DG

T High Pdiss

Low Pdiss

Figure 2.1: Schematic image over the temperature gradient within the active
region of a GaN HEMT, according to [32].

mounting of the sample. Infrared measurements are fast and requires no spe-
cial mounting, but the resolution is lower. In this thesis an IR microscope1

with a pixel resolution of 1.6 µm (800 µm/500 pixels) is used for the self-
heating measurements. The actual resolution is coarser, and at best 1.8 µm
with the highest magnification. The spatial resolution limits the possibilities
to resolve the temperature variations within the active area. However, it is
shown in [32] that the temperature gradient is proportional to the dissipated
powers, Fig. 2.1. Hence, for low dissipated power levels we can assume that the
temperature gradient is small. The infrared image gives the average tempera-
ture in the measured pixel. For small temperature gradients, this corresponds
to the channel temperature.

Measurements of RTH are performed by controlling the dissipated power
and measure the corresponding TCH . The dissipated power is set by controlling
VDS and IDS and is calculated as:

Pdiss = VDS · IDS (2.2)

Infrared measurements of a 2x100 µm GaN HEMT dissipating between
0.3-0.9 W are shown in Fig. 2.2. The self-heating of the active region is clearly
visible.

The increase in TCH due to dissipated power is measured at different ambi-
ent temperatures to study the influence of TA. Infrared measurements showed
no measurable dependence in RTH versus ambient temperature in the tem-
perature interval 323-373 K. The extracted RTH is approximately 28 K/W,
independent of TA. The measured results are shown in Fig. 2.3, where the
lines are modeled using (2.1), thus verifying the linear simplification.

2.2 Access resistances

The access resistances are directly related to the electron mobility of the ma-
terial. In [7], a large temperature dependence of the electron mobility in GaN
was shown. Therefore, it is important to characterize the access resistances

1Infrascope III, Quantum Focus Instruments
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Figure 2.2: Infrared measurements of the increase in channel temperature for
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Figure 2.4: Extracted sheet resistivity rs and ohmic-contact resistivity Rc for
temperatures between 298-398 K.

temperature dependence to correctly take this into account when deriving
models for high power transistors with large self-heating.

There are two parameters that determine the access resistance values, the
ohmic-contact resistivity (Rc) and sheet resistivity (rs). Rc is a process param-
eter related to the quality of the ohmic contacts and rs is a material parameter
related to the material growth and composition. These two parameters are ex-
tracted by performing a transfer length method (TLM) measurement, in which
the resistances of the material and two contacts are measured for different con-
tact separations [33]. The contribution from the contacts is constant for the
different distances while the sheet resistance increases linearly. TLM measure-
ments are carried out at ambient temperatures between 298-398 K to study
the temperature dependence of Rc and rs. The extracted contact resistivity is
constant with temperature while the sheet resistivity increases quadratically,
Fig. 2.4.

This indicates that a large temperature dependence in the access resis-
tances is expected. Therefore, S-parameter measurements on a 2x100 µm
GaN HEMT are performed at ambient temperatures between 298-398 K to
derive the dependence. The cold-FET method is used to extract the access
resistances [34]. This method should be independent of self-heating since all
measurements are made on a cold transistor (VDS = 0 V). The temperature
dependence of the extracted access resistances is shown in Fig. 2.5.

The gate resistance (RG) is independent of temperature since this is mainly
a metallic resistance. Both the source resistance (RS) and the drain resistance
(RD) increases with temperature as expected from the TLM measurements.
The increase for RS is 0.71 %/K and RD increases with 0.86 %/K. The differ-
ence in gradients is due to the placement of the gate. The gate-drain distances
for this device is 2 µm and the gate-source distance is 1 µm. The TLM mea-
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Figure 2.5: Normalized temperature dependence of the access resistances. Cir-
cles are measurements and the lines model the extracted dependence.

surements concluded that only the sheet resistivity is temperature dependent.
Therefore, longer distances, such as for the gate-drain distance, should show
larger temperature dependence than shorter distances, since the sheet resis-
tivity part on the total resistance is larger. The temperature dependent access
resistances will, due to the self-heating, influence the extraction of the intrinsic
small-signal parameters.

2.3 Intrinsic model parameters

The common procedure when extracting small-signal model parameters is to
use some direct extraction method [35]. These methods assume that the ex-
trinsic parameters are bias independent and therefore kept constant through-
out the extraction. The self-heating studied in section 2.1 together with the
temperature dependence seen in section 2.2 shows that this assumption is not
valid for high power GaN HEMTs. Thus, the access resistances needs to be
corrected for their temperature dependence.

The access resistances influence on the extraction of the intrinsic param-
eters is illustrated for the intrinsic transconductance (gm). It is given by the
extrinsic transconductance Gm and RS according to:

gm =
Gm

1 − GmRS(TCH)
(2.3)

where RS(TCH) is corrected for the self-heating. It is well known that extrinsic
Gm decreases with temperature due to the decrease in electron mobility, while
RS is increasing. This results in a gm that is less sensitive to temperature
variations. The explanation is that, for short gate lengths, the current is de-



12 CHAPTER 2. THERMAL MEASUREMENTS

−5
−4

−3
−2

−1
0 250

300

350

400

4500

20

40

60

80

T
CH

 [K]
v

gsi
 [V]

g m
i [m

S
]

Figure 2.6: Intrinsic transconductance gm versus channel temperature TCH

and intrinsic gate-source voltage vgsi for a 2x100 µm GaN HEMT at VDS = 9 V.
Contours show 10 - 70 mS in 10 mS steps.

termined by the electron saturation velocity instead of the electron mobility.
The electron saturation velocity have been measured at different temperatures
in [23, 36], showing a very small temperature dependence. It is therefore ex-
pected that the intrinsic gm should have a small temperature dependence.
The intrinsic gm is extracted from the S-parameter measurements by taking
into account both self-heating and the temperature dependent access resis-
tances, shown in Fig. 2.6. A comparison between the extracted gm with the
new method and the standard method with constant RS and RD is shown in
Fig. 2.7.

The contour lines for the new method are almost parallel with the tempera-
ture axis, indicating a very small temperature dependence for the intrinsic gm.
This effect is very clear for small dissipated power, while for large dissipated
powers a small divergence in the contour lines is seen. This could be due to
a temperature dependence in RTH that was not observed in the extraction,
or an underestimation of RTH . Another explanation is the small temperature
dependence observed in the electron saturation velocity. The standard method
with constant RS and RD show a large temperature dependence for gm.

The importance of taking the temperature dependence in the access resis-
tances into account is further illustrated by studying the intrinsic S-parameters
[B]. These are compared at two different ambient temperatures (297 K and
398 K) while keeping IDS constant at 35 mA. The difference is large, and the
intrinsic parameters show only a small temperature dependence when the ac-
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Figure 2.7: Comparison between the extracted gm using the proposed method
and the standard method with constant RS and RD.

cess resistances are corrected for their true value at the operating temperature,
Fig. 2.8.

This indicate that most of the performance degradation at elevated temper-
atures is due to the temperature dependence in the access resistances. The pro-
posed extraction method should simplify large signal modeling of high power
GaN HEMTs.
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(a)

(b)

Figure 2.8: Intrinsic S-parameters for a 2x100 µm GaN HEMT with
IDS = 35 mA at 297 K (black) and 398 K (gray). (a) RS and RD are kept
constant with TCH , (b) RS and RD are corrected for their temperature de-
pendence.



Chapter 3

Noise characterization and
modeling

As pointed out in Chapter 1, the GaN HEMT is a suitable candidate for air-
borne electronics due to the possibility to make small and light weight single-
chip transceivers. One issue with this solution is that the receiver part, de-
signed for very low noise, is working at elevated temperature. This results in
an increase in the added thermal noise in all lossy parts and will also degrade
the performance of the receiver due to the temperature dependence in mate-
rial parameters seen in Chapter 2. Therefore, a temperature dependent noise
model is needed to correctly predict the performance.

3.1 Noise parameter characterization

The added noise from a passive element can be calculated from the elements
Z-parameters and the knowledge of the operating temperature. However, there
is no analytical solution for the added noise from an active element. Therefore,
the added noise from active elements needs to be measured to derive accurate
models. The added noise from a two-port is given by its noise parameters
according to:

F = FMIN +
4RN

ZC

|ΓOPT − ΓS |
2

|1 + ΓOPT |
2
(

1 − |ΓS |
2
) , (3.1)

FMIN is the minimum noise figure. ΓOPT is the optimum source impedance
which gives FMIN . RN is the equivalent noise resistance, indicating how fast
the noise figure is increased when the input is not matched to ΓOPT . The noise
parameters are measured using a tuner providing different source terminations
(ΓS) distributed across the Smith chart. By measuring the added noise power
for at least four different source terminations it is possible to calculate the noise
parameters of an active device. For higher accuracy more source impedances
should be used.

The noise parameters of a 2x100 µm GaN HEMT fabricated in the in-house
MMIC process have been measured [D]. It shows good low noise performance
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Figure 3.1: Measured noise parameters for a 2x100 µm GaN HEMT with
VGS = -2.25 V and VDS = 6 V.

with FMIN less than 2 dB up to 18 GHz. Typical noise parameters are shown
in Fig. 3.1.

The temperature dependence of the noise parameters is studied by per-
forming measurements at ambient temperatures between 297-398 K. The con-
tribution from the temperature dependent access resistances is de-embedded
following the procedure in [37]. The added intrinsic noise is significantly lower
than the measured extrinsic noise. This concludes that the access resistances
are the major contributors to the added noise. A degradation in noise perfor-
mance with temperature is also observed, Fig. 3.2.

3.2 Noise modeling

The results in section 3.1 shows a large degradation in the noise performance
due to the contribution from the access resistances. Even with the access
resistances de-embedded there is a temperature dependence in the intrinsic
noise parameters. This dependence needs to be modeled to predict the perfor-
mance of a LNA operating at elevated temperature, such as in a high power
transceiver. The proposed model is a small-signal model with two correlated
noise current sources in shunt with the intrinsic HEMT, Fig. 3.3.

The access resistance are temperature dependent and adds thermal noise in
the model. The noise contribution from the intrinsic resistances are included
in the noise current sources. The intrinsic noise current sources are calculated
from the de-embedded intrinsic noise parameters according to [38]:

CY = TCAT† (3.2)

where CY is the admittance noise correlation matrix corresponding to a noise
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Figure 3.2: Measured temperature dependence of the noise parameters for a
2x100 µm GaN HEMT at 9 GHz and VDS = 9 V with IDS = 0.15·IDSS . Dots
are measured noise parameters and crosses are de-embedded intrinsic noise
parameters.
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Figure 3.3: The small-signal noise model with two noise current sources and
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current source representation:

CY =

[

igi
∗
g igi

∗
d

idi
∗
g idi

∗
d

]

(3.3)

T is a transformation matrix given by the Y-parameters of the intrinsic two-
port:

T =

[

−Y11 1
−Y21 0

]

(3.4)

CA is the chain noise correlation matrix derived from the noise parameters

CA =

[

RN
FMIN−1

2 − RNY ∗
OPT

FMIN−1
2 − RNYOPT RN |YOPT |

2

]

(3.5)

YOPT is the admittance representation of ΓOPT . The correlation coefficient
between the gate (ig) and drain (id) noise current sources is given by:

C =
〈igi

∗
d〉

√

〈

i2g
〉

〈i2d〉
(3.6)

The temperature and bias dependence for the noise current sources and
their correlation coefficient is modeled, and the procedure is given in detail
in [A]. The model agrees well with the extracted ig, id and their correlation
coefficient C, Fig. 3.4.

The frequency dependence of the small-signal noise model is verified at
room temperature. The agreement between measured noise parameters and
the simulation is good in the measured frequency range 3-18 GHz, Fig. 3.5.
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Figure 3.5: Measured (dots) and modeled (line) noise parameters for a 2x100
µm GaN HEMT at 9 GHz and VDS = 9 V at room temperature

The proposed model is also verified for a fabricated MMIC amplifier. It is
a resistive feedback amplifier intended for use in the IF chain in a complete
transceiver solution. Measurements of the noise figure and gain are performed
with a noise figure analyzer and compared to simulated results. The agreement
is good as seen in Fig. 3.6.

3.3 Design of robust LNA

A main advantage with using GaN compared to GaAs is the increased robust-
ness for high input powers. This could allow the removal of the limiter, or at
least remove or simplifying some of the limiter stages. The limiter is lossy,
thus it increases the overall noise performance of the receiver. Therefore, even
if the noise figure of a GaAs LNA is lower compared to that of a GaN LNA,
the overall system noise figure could be lower for a robust GaN receiver.

Large signal measurements are carried out on a 4x100 µm GaN HEMT
to determine its robustness. The measurements shows that the GaN HEMT
withstands a gate-source swing between -25 V and 7 V, while typical GaAs
HEMTs withstand a voltage swing up to 11 V [17]. A large increase in the
forward gate current is also seen due to the turn on of the gate diode, Fig 3.7.

The large gate current damages the material, thus degrading the perfor-
mance of the LNA. This breakdown process was also shown in [9] where a gate
resistor is suggested as a protective element. This resistor is placed in the gate
bias feed, it cause a voltage drop, pinching the transistor when a large positive
gate current is feed through it.

The proposed idea in [9], with a resistor in the bias feed is implemented
in a one stage LNA. The LNA is designed to withstand high delivered input
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Figure 3.6: (a) Resistive feedback amplifier. (b) Simulated and measured noise
figure and gain of the amplifier.
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Figure 3.8: (a) Low noise amplifier designed for robustness. (b) Simulated
(line) and measured (dotted) S-parameters together with simulated (dashed)
and measured (circles) noise figure of the LNA.

powers, and a narrow band matching is used at a center frequency of 7.5 GHz.
The simulation show a flat gain of more than 7 dB up to 7.5 GHz with a
noise figure lower than 2 dB at the center frequency. S-parameter and noise
parameters measurements have been carried out. The simulated matching and
thus the gain of the LNA does not agree with the measured, Fig. 3.8 This is
due to a problem with the inductor models in the MMIC design kit.

The measured noise figure agrees well with the simulated around the center
frequency, but it is well below the simulated at lower frequencies. This is due
to the increased gain at lower frequencies as a result of the incorrect inductor
model. A survivability study have not yet been carried out to verify the
increase in robustness due to the gate resistor.
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Chapter 4

Dynamic load-pull

A common measurement for high power characterization of transistors is the
load-pull measurement [39]. Different combinations of source and load impe-
dances are synthesized at the transistors terminals using mechanical tuners.
This gives insight about the optimum load impedances and also the expected
performance from an amplifier circuit.

By combining tuners with a large signal network analyzer (LSNA), it is
possible to measure the voltage and current waveforms at the device termi-
nals. This improves the insight into device operation and increases modeling
accuracy. The output data from a LSNA is the complex valued voltage and
current phasors at all calibrated harmonics with a common phase reference.
The voltages and currents are easily transformed into the load impedance seen
by the DUT at each harmonic, opening up the possibility to perform load-pull
also at the higher order harmonics, improving the performance of the DUT.
There are commercial systems available based on mechanical tuners offering
this possibility1. The performance of all such systems is limited by the losses
between the tuner and the DUT, since the tuner reflects the outgoing wave to
synthesize the load.

This limitation is possible to overcome by using an active load [40]. In an
active setup, the outgoing wave is terminated in a matched load. An amplitude
and phase controlled wave is then injected towards the DUT to synthesize the
load. An active setup, as long as the amplitude of the injected signal is high
enough, has no problem in covering the entire Smith chart.

4.1 Active load-pull setup

The active system presented in this thesis is based on an open-loop architec-
ture, allowing full control over the injected signal [C]. This type of system is
not as prone to oscillation problems as some other types of active load pull
systems based on a closed-loop architecture [41]. A LSNA2 is used to sample
the voltage waves a1, b1, a2 and b2 at the DUTs reference plane for the wanted
number of harmonics. The input signal is generated with a Vector Signal Gen-

1Multi-Purpose tuner, Focus Microwaves
2Maury/NMDG MT4463
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Figure 4.1: Active dynamic load-pull setup.

erator (VSG), allowing modulated input signals. The measurement setup is
presented in Fig. 4.1.

The available input power, PIN , delivered output power, POUT , and drain
efficiency, η, are related to the measured voltage waves as follows:

PIN =
|a1|

2

2Z0
(4.1)

POUT =
|b2|

2
− |a2|

2

2Z0
(4.2)

η =
POUT

PDC

(4.3)

Drain efficiency is used as a measure of efficiency since no source pull is per-
formed. The load reflection coefficient, ΓL, is given by:

ΓL =
a2

b2
(4.4)

where

a2 = A (VI , VQ) ej(ω0t+φ(VI ,VQ)) (4.5)

The injected a2 wave is synthesized with an IQ-modulator to control its
amplitude and phase. Where the control voltages VI and VQ to the modulator
are controlled using an Arbitrary Waveform Generator (AWG). It is therefore
possible to dynamically control a2 with a predetermined control scheme.

4.2 Load modulation

Modulation schemes such as W-CDMA, used for wireless communication have
a large amplitude variation in the output signal. Thus the amplifier works
approximately 7 dB below the peak output power most of the time. The
performance in back-off is not optimal since the amplifier needs to be designed
for the peak output power, resulting in lower average efficiency.
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One promising method of improving the efficiency in back-off operation is
load modulation [27]. The idea behind load modulation is to change the load
with the envelop of a modulated input signal. By changing the load in an
optimum way it is possible to increase the efficiency in back-off operation [28].
Therefore a static load-pull characterization is first performed on the used
transistor to determine the optimum way of controlling the load reflection co-
efficient. The static characterization is performed by sweeping the input power
and at each input power performing a load-pull measurement. These measure-
ment gives the optimum ΓL as a function of output power that corresponds to
the highest efficiency.

In this study a 10x300 µm laterally diffused metal oxide semiconductor
(LDMOS) is used, but the characterization procedure is technology indepen-
dent. The input power is swept from 5 to 22 dBm in 1 dB steps and load-pull
is performed at each input power using the active injection based setup. The
measured optimum ΓL trajectory together with the improvement in efficiency
compared to a fixed load versus output power is seen in Fig. 4.2.

4.3 Dynamic load modulation characterization

The dynamic load modulation characterization setup is verified by using a
modulated input signal, thus a time varying output power. The time varying
output signal is synthesized with an amplitude modulated three tone multisine
signal. The dynamic range of the signal is chosen to 10 dB, compared with
the peak to average of 7 dB for a W-CDMA signal. The modulated input
signal is then calculated from the generated three tone and knowledge about
the distortion in the DUT.

ΓL is controlled with an AWG that is synchronized with the VSG providing
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Figure 4.3: (a) The time varying output power and magnitude of the reflection
coefficient. (b) The time varying load compared with the static characteriza-
tion.

the input signal. The static characterization of the used LDMOS showed
that the control voltages VI and VQ were approximately constant with output
power. This is explained by the optimum load trajectory in Fig. 4.2 and the
definition of ΓL in equation (4.4). The trajectory follows a straight line, thus
the magnitude of ΓL is decreasing with output power. This is obtained by
using a constant a2 wave if the decrease in |ΓL| is proportional to the increase
in |b2|.

The measured time varying delivered output power together with the time
varying magnitude of ΓL are shown in Fig. 4.3a. In Fig. 4.3b, the time varying
ΓL is compared with the optimum trajectory obtained from the static load-pull
characterization.

The measured time varying |ΓL| is decreasing with increased output power,
in accordance with the static characterization. The agreement between mea-
sured dynamic ΓL and the optimum trajectory obtained in the static charac-
terization is excellent. This verifies the dynamic characterization, opening new
possibilities for device level characterization aimed for high efficiency amplifier
design. This could help in the design of integrated controllable load networks,
further improving the efficiency.

An interesting application of the presented characterization setup could be
in the design of Doherty power amplifiers. The Doherthy amplifier works in
a way where two amplifiers perform load pull on each other. This makes it
very difficult to study the operation of the transistors in the two amplifiers
separately. By controlling the load with the AWG and the IQ modulator
properly it is possible to use the proposed characterization setup to simulate
this environment at the device level and test the suitability of devices for
Doherty amplifier application with modulated signals.



Chapter 5

Conclusions

The GaN HEMT has shown to be a very promising semiconductor technology
for many applications, such as high efficiency power amplifiers, linear high
power amplifiers and multi octave high power amplifiers. Due to the high
electron mobility, it is also very promising for robust low noise receivers. The
high output power together with the promising low system noise figure makes
the GaN HEMT MMIC technology very interesting for robust high power
transceivers for radar applications.

The high power density combined with smaller periphery could lead to new
thermal considerations for high power amplifiers. The thermal properties has
thoroughly been investigated in Chapter 2. The self-heating was measured
using an IR-microscope, resulting in a thermal resistance of 28 K/W. The
temperature dependence of the access resistances was also studied, showing a
large increase with temperature. This was also verified with TLM measure-
ments. The extracted gm shows only a weak temperature dependence when
the temperature dependence of the access resistances is taken into account in
the model parameter extraction. The small temperature dependence seen in
gm could possibly simplify large signal modeling. These temperature effects,
which are usually overlooked, are important and should be implemented in
the small-signal and large-signal models to correctly predict the performance
of the GaN HEMT.

In this thesis, a new advanced active load-pull characterization method was
also presented. The load can be dynamically controlled allowing dynamic load
modulation characterization directly at the transistor level in a probe station
or fixture. The method opens up new possibilities for investigating the device
behavior and for designing load modulated power amplifiers with increased
efficiency in back-off operation.

5.1 Future work

The GaN HEMT is a very promising technology for single-chip radar transceivers.
But there has still not been published a fully integrated GaN transceiver. This
is of large interest, allowing comparison of system performance between GaN
and GaAs. The GaN MMIC fabrication line at Chalmers have shown the pos-
sibility of fabricating all the circuits needed for a complete transceiver. It is a
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matter of step by step increasing the integration factor. Such a system level
comparison is necessary to fully demonstrate the potential of the GaN HEMT.

The self-heating studied in Chapter 2 raised some questions regarding the
current transport in GaN. Further investigation considering the electron sat-
uration velocity is needed. How large is the temperature dependence, and
is it possible to assume that all temperature dependence is in the access re-
sistances? Further investigation is needed for higher dissipated powers, since
RTH is expected to be temperature dependent, thus power dependent. This
behavior was not observed for the low dissipated powers in this thesis.

It should be very interesting to perform the thermal characterization on
other materials to compare. It is well known that the transconductance for
GaAs show a large temperature dependence. Is this due to material parameters
or is the current dependent on the mobility to a larger extent than on electron
saturation velocity.

The dynamic load modulation setup in Chapter 4 show some interesting
applications. It could be used to improve the design of load modulated ampli-
fiers, for example designing power amplifiers with integrated load modulation
network. It also makes it possible to characterize the intrinsic waveforms of
a Doherty amplifier by measuring on one path at a time, simulating the load
modulation due to the other amplifier.
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